Introduction
Development of energy storage and conversion devices is important for modern society. Great efforts have been devoted to the development of these devices, with primary aims of enhancing performance and reducing cost. There is no denying that electrocatalysts for oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) lie at the heart of oxygen-based energy storage and conversion devices. 1) 3) Electrodes in rechargeable batteries require bifunctional catalytic activities, i.e. ORR activity during discharging and OER activity during charging with the same component.
4)6)
To date, precious metal catalysts, predominantly platinum (Pt) and its alloys and intermetallic compounds, are generally recognized as the most active catalysts for ORR, however, these catalysts show poor performance for OER process. 7) On the contrary, some metal oxides such as RuO 2 and IrO 2 exhibit high catalytic activity for OER, but poor performance for ORR. 8) Moreover, high cost, depletable resources, and poor durability of these materials also limit their much broader commercial applications even as a single functional catalyst. 9 ),10) Therefore, it is required to design a new single bifunctional electrocatalyst with both ORR and OER activities.
The general formula of a perovskite-type oxide is ABO 3¹δ where the A and B are relatively larger and smaller cations, respectively, and δ is the content of oxygen vacancies. There exist a variety of perovskites and their related materials such as A-site cation-disordered perovskite, B-site cation-disordered perovskite, and A-site cationordered layered perovskite, and some of these materials exhibit high ORR and/or OER catalytic activities 11)13) [ 
Experimental
Pr/Ba cation-disordered perovskite Pr 2/3 Ba 1/3 CoO 3¹δ was synthesized by a solid-state reaction method. Stoichiometric amounts (cation molar ratios of Pr:Ba:Co = 2:1:3) of starting materials Pr 6 O 11 (99.9% purity), BaCO 3 (99.9% purity) and Co 3 O 4 (99.9% purity) were mixed and ground in an agate mortar for about 2 h as ethanol slurries and as dried powders. The mixture was calcined at 1000°C in air for decarbonization. The obtained powder was ground using the agate mortar for 1 h and a planetary ball mill (Fritsch P7) for 30 min. The calcined powder thus obtained was uniaxially pressed into pellets at about 50 MPa and then sintered in air at 1150°C for 12 h with the heating and cooling rates of 5°C min ¹1 . For comparison, the Pr/Ba cation-ordered layered perovskite-type PrBaCo 2 O 6¹δ was also synthesized by the same method.
The existing phases of the synthesized samples were characterized at 25°C using a Rigaku diffractometer (RINT-2550, Cu K¡ radiation, 2ª range: 10140°, step interval: 0.02°). To obtain accurate lattice parameters of Pr 2/3 Ba 1/3 CoO 3¹δ , X-ray powder diffraction (XRPD) data of a mixture of Pr 2/3 Ba 1/3 CoO 3¹δ and an internal standard material (NIST SRM640c Si powder) were taken at 26°C. Rietveld analysis was carried out using Z-code software. 31) The refined crystal structure was depicted with VESTA software. 32) Inductively coupled plasma optical emission spectroscopy (ICP-OES) data of Pr 2/3 Ba 1/3 CoO 3¹δ were measured using a Prodigy ICP spectrometer (Leeman Labs). Chemical states at the surface were characterized by X-ray photoemission spectroscopy (XPS) using a KRATOS AXIS-HS spectrometer equipped with an Al K¡ X-ray source. All binding energies were referenced to the C 1s peak at 284.8 eV. The XPS data were fitted using a GaussianLorentzian function, with a Shirley background subtraction. We tried to analyze the crystal structure of neutron-diffraction data of Pr 2 2 of geometric surface area) was used as the working electrode. An Ag/AgCl electrode [with a nominal potential of 0.197 V versus reversible hydrogen electrode (RHE)] in saturated KCl aqueous solution and a platinum wire were used as the reference and counter electrodes, respectively. 10 mg of catalyst samples, 2 mg of acetylene black carbon, 46¯L of Nafion solution (5 wt %, Aldrich) and 1000¯L of ethanol were mixed, followed by rocking mill for 5 h and ultrasonic vibrating for 30 min to obtain a homogeneous solution. 7¯L of the mixed solution was pipetted onto the GC disk, resulting in a catalyst loading of 341¯g cm
¹2
. Finally, the as-prepared
Journal of the Ceramic Society of Japan 126 [10] 814-819 2018 catalyst film was dried for electrochemical measurements. A 20 wt % Pt/C catalyst was also prepared for comparison. 0.1 M KOH aqueous solution was used as the electrolyte. The electrolyte was purged with high-purity O 2 for at least 30 min before each measurement and maintained under O 2 atmosphere through the whole test. Linear Sweep Voltammetry was obtained by sweeping the potential from 0 to 1 V (OER) and 0 to ¹0.7 V (ORR) at a scan rate of 10 mV s ¹1 with the electrode rotated at 1600 rpm. Each experiment was performed at least three times to ensure the reproducibility.
Results and discussion
All the reflections in XRPD pattern of Pr 2/3 Ba 1/3 CoO 2.98 were indexed to the primitive orthorhombic cell and there were no impurities such as tetragonal P4/mmm and orthorhombic Pmmm Pr/Ba cation-ordered layered perovskites ( Fig. S1 in SI) . Rietveld analysis of XRPD data of Pr 2/3 Ba 1/3 CoO 2.98 was successfully performed by a single phase with an orthorhombic Pnma Pr/Ba cation-disordered perovskite-type structure (Fig. 1) . The reliability factors in the Rietveld analysis of XRPD data were R wp = 8.34%, R B = 2.88%, and R F = 2.79%. The refined lattice and structural parameters and bond valence sum (BVS) of Pr 2/3 Ba 1/3 CoO 2.98 are listed in Table 1 . Here, the bond valence parameters reported by Brese and O'Keeffe 33) were used for the BVS calculations. The refined lattice parameters of Pr 2/3 Ba 1/3 CoO 2.98 were a = 5.443765(9) ¡, b = 7.693164(9) ¡, and c = 5.452008(7) ¡. On the contrary to the layered perovskite PrBaCo 2 O 6¹δ with Pr/Ba cation ordering along the c direction, 34) Pr 2/3 Ba 1/3 CoO 2.98 has a Pr/Ba cation-disordered perovskite-type structure (Fig. 1) . ICP-OES data of the Pr 2/3 Ba 1/3 CoO 2.98 indicated that the cation ratio Pr:Ba:Co was 2.07(3):1.041(17): 3.000(7), which agreed well with the nominal cation ratio Pr:Ba:Co = 2:1:3 within 3 times of the standard deviation of the measured chemical composition and the number in the parentheses is the last digit of the standard deviation. The TG measurements indicated that the oxygen vacancy concentration δ in Pr 2/3 Ba 1/3 CoO 3¹δ was 0.02 (Pr 2/3 Ba 1/3 CoO 2.98 ) at RT and the oxygen content 3¹δ decreased with an increase of temperature (Fig. 2) . The bond valence sums (BVSs) at the apical O1 and equatorial O2 sites were estimated to be BVS(O1) = 2.06 and BVS(O2) = 2.05, respectively, which agreed well with the formal charge of oxide ion 2, indicating the validity of the refined crystal structure. The BVS at the Co site was 3.11, which suggested the coexistence of Co 3+ and Co (Fig. 3) . The Pr 3d spectrum in Fig. 3(a) indicates that Pr 3+ and Pr 4+ coexisted. The Co 2p spectrum [ Fig. 3(b) , Pr 3+ and Pr 4+ cations at the surface of Pr 2/3 Ba 1/3 CoO 2.98 sample would be benefit to the high electrocatalysis described below.
Electrical conductivity of electrocatalysts is vital to catalytic activity. 9),10),36) The electrical conductivities of Pr 2/3 Ba 1/3 CoO 3¹δ and PrBaCo 2 O 6¹δ decreased with increasing temperature (Fig. 4) 
